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Abstract. MicroRNAs (miRNAs) have been shown to be reli- 
able early biomarkers in a variety of cancers including that 
of lung. We ascertained whether the biomarker potential of 
miRNAs could be validated in microscopically normal and 
easily accessible buccal epithelial brushings from cigarette 
smokers as a consequence of lung cancer linked 'field carcino- 
genesis'. We found that compared to neoplasia-free subjects, a 
panel of 68 miRNAs were upregulated and 3 downregulated 
in the normal appearing buccal mucosal cells collected from 
patients harboring lung cancer (n=76). The performance 
characteristics of selected miRNAs (with >l-fold change) 
were excellent with an average under the receiver operator 
characteristic curve (AUROC) of >0.80. Several miRNAs also 
displayed gender specificity between the groups. These results 
provide the first proof-of-concept scenario in which minimally 
intrusive cheek brushings could provide an initial screening 
tool in a large at-risk population. 

Introduction 

Lung cancer ranks as the leading cause of cancer deaths in 
the United States with an estimated 224,210 new cases and 
159,260 deaths projected in 2014 (1). The 5-year survival for 
lung cancer remains dismal at ~16% (2). The poor prognosis 
can be partly attributed to more than half of patients presenting 
with advanced stage at the time of diagnosis. This underscores 
the need for screening of the asymptomatic at-risk popula- 
tion. This may be feasible because ~85-90% of lung cancers 
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occur in a readily identifiable population e.g., smokers, etc. (3). 
However, previous large scale randomized trials utilizing chest 
X-ray or sputum cytology have not yielded satisfactory results 
in lung cancer screening (4). Recently the National Lung 
Screening Trial (NLST) garnered considerable excitement 
with the demonstration that low dose computed tomography 
(LDCT) lowered lung cancer mortality by -20% (95% CI, 
6.8-26.7; p=0.004) (5,6). This was the impetus for number 
of groups including the US Preventive Services Task force 
(USPSTF) to recommend screening high risk populations 
(defined as age range of 55-74 years, smoking >30-pack-years, 
and if quit, must be for >15 years) (7). Unfortunately, the speci- 
ficity for lung cancer was only 73.4% and this coupled with the 
low prevalence of malignancy (1.1%) lead to dismal positive 
predictive value with >95% of positives being false positives 
(4). Thus, to mitigate the harm from these false positives, it 
is critical to enrich the proportion from those harboring lung 
cancer to identify a group that would be more appropriate 
for screening. Therefore, to minimize unnecessary radiation 
exposure, expense and false positives from LDCT, it is essen- 
tial to pre-identify patients for any benefit via relatively simple 
and minimally intrusive pre-screen examinations. 

There has been some interest in exploring buccal (cheek) 
mucosa as an extended field carcinogenesis site for lung cancer 
(8). Indeed, it is increasingly clear that buccal mucosa is in the 
'field of injury' of tobacco smoke (9) and considered to be a 
'molecular mirror' of lung carcinogenesis (10). Interestingly, 
malignancy related changes have been reported earlier in the 
epithelial cells collected from normal buccal mucosa from 
lung and breast cancer patients (11). To date, a myriad of genes 
have been reported to be dysregulated in the microscopically 
normal buccal mucosa of patients with lung cancer (12,13). 
Thus exploitation of buccal mucosa for lung cancer screening 
and chemoprevention may be a promising undertaking. 
However, finding a reliable biomarker in the buccal mucosa 
that can effectively gauge lung cancer associated field carcino- 
genesis has been challenging. 

MicroRNAs have received increasing interest as 
biomarkers in a variety of cancers. These short, non-coding 
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Figure 1 . (A) Hierarchical clustering of normalized cycle threshold (DCt) values of differentially regulated miRNA in the buccal mucosa of NSCLC patients. 
(B) Histogram showing fold change of differentially expressed miRNA in the buccal mucosa collected from control and NSCLC patients. The change was 
calculated as loglO of relative quantitation. 



RNA molecules are typically 17-22 nucleotides in length and 
impact gene expression through decreasing mRNA stability 
and/or blocking translation (14). Thus, they can act as powerful 
effectors in both early and late lung carcinogenesis. Studies 
have shown that not only can miRNAs help in sub -classifying 
different stages of non-small cell lung carcinomas (NSCLC) 
(15) but specific miRNA profiles could also predict disease 
recurrence (16) and prognosis (17). While miRNA modula- 
tions are well established in the pathogenesis of lung cancer 
(as recently reviewed by our group) (18), to date no report 
suggests their role in field carcinogenesis (19). Furthermore, 
while there is a plethora of data suggesting that lung cancer 
in men and women are biologically distinct, scarce data are 
available on gender-specific biomarkers (20). This leads us to 
hypothesize that buccal miRNA expression has the potential 
to be a dependable biomarker of lung cancer and may define 
gender-specific differences. 

Materials and methods 

Clinical sample collection. In this case-control study, controls 
were current or former smokers who were recruited from 
either a chronic obstructive pulmonary disease (COPD) 
clinics or other non-pulmonary clinic without a history of lung 



cancer. Cases were smokers (current/past) with pathologically 
diagnosed lung cancer prior to chemo-radiation therapy. All 
studies were performed under the Institutional Review Board 
supervision. 

Sample preparation. Mucosal brushings from a visually 
normal buccal cheek surface were obtained with a cytology 
brush (CytoSoft #Cyb-l; Medical Packaging Corp., Camarillo, 
CA, USA). The cells were collected, applied to a glass slide 
and fixed with 70% ethanol followed by air drying and storage 
at -80°C. Total cellular RNA was isolated using Ribopure 
RNA kit (Ambion) following the manufacturer's instructions. 

Buccal mucosa miRNA profiling. After establishing RNA 
purity (OD ratio of 260/280), the samples were subjected to 
reverse transcription using MegaPlex RT Primers and TaqMan 
miRNA reverse transcription kits (Applied Biosystems, Foster 
City, CA, USA) following the manufacturer's instructions. 
The cDNA was diluted in Universal PCR master mix-II 
(Applied Biosystems) and then loaded on to TaqMan® Low 
Density Array (TLDA) microfluidic MicroRNA 384-well 
cards (Applied Biosystems) for real-time PCR (ABI 7900 
HT RT-PCR System). The relative concentration of miRNAs 
was calculated by comparative (RQ = 2 AACl ) analysis and the 
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fold change determined as loglO RQ. The data were analyzed 
using RQ Manager 12.1 (Applied Biosystems) and RealTime 
StatMiner software (Integromics, Philadelphia, PA, USA). 

Statistical analysis. Statistical significance for the individual 
miRNA expression was performed using appropriate statis- 
tical tools from Microsoft Excel 2010 and the area under 
the receiver operator curve (AUROC) was calculated using 
STATA 8 software. A two tailed Student's t-test was performed 
with attention to the false discovery rate (FDR). 

Results 

Demographic characteristics. We recruited 76 subjects for 
this study (39 controls and 37 cases of NSCLC). The majority 
of the controls had chronic obstructive lung disease (COPD) 
so as to closely match demographics, especially intensity of 
smoking, albeit we realize that COPD is an independent risk 
factor for lung cancer and may obscure some of our effect. 
Majority of NSCLCs were adenocarcinomas and the popula- 
tion was >80% white (Table I). The cases and controls were 
reasonably matched with cancer patients being slightly older 
and with higher smoking intensity (pack years) than the 
controls (Table I). 

MicroRNA modulation in the buccal mucosa of lung cancer 
patients. To demonstrate characteristics of lung cancer field 
carcinogenesis in individuals at risk with concurrent lung 
cancer, we performed miRNA profiling of the buccal mucosa 
(extended field) collected from control and lung cancer patients. 
The heat map of normalized cycle threshold (DCt) values 
demonstrates significant differential upregulation of a panel of 
68 miRNAs and downregulation of 3 miRNAs in the buccal 
mucosa collected from lung cancer cases compared to control 
(Fig. 1A). As shown in the histogram (Fig. IB), the level of 
miRNA modulation (fold change) ranged from -1.27 to 2.85 as 
calculated from loglO RQ, where RQ is 2 AACt . We found twelve 
buccal miRNAs to be significantly altered between the groups 
(fold change of miR-23a = 1.25, miR-181c = 1.5, miR-192 
= 1.72, miR-194 = 1.78, miR-208 = 1.2, miR-337-5p = 2.64, 
miR-338-3p = 1.32, miR-487a = -1.27, miR 502-5p = 2.85, 
miR-542-3p = 1.28, miR-628-5p = 1.82 and miR-672 = 1.86). 
The data represent a panel of miRNA that showed >l-fold 
difference (p<0.05) between NSCLC and control subjects. 

Gender-specific differences in dysregulated buccal 
microRNAs. Based on the above data, differential expression 
of a panel of buccal miRNA provides an important marker for 
field carcinogenesis with respect to concurrent lung neoplasia. 
To understand whether alterations in the identified miRNA 
markers in the buccal mucosa could also be utilized to predict 
future neoplasia, we performed receiver operator character- 
istic curve analysis (AUROC) of the miRNA DCt values using 
STATA program (Fig. 2A, representative AUROC; miR-192). 
A set of 11 miRNAs could discriminate between smokers 
without cancer (COPD) and with those having lung cancer 
(both genders) with excellent predictive ability (AUROC >0.8; 
Fig. 2B). Furthermore, to understand any gender-specific 
predictability, we evaluated responses of these differential 
miRNA expressions to gender. Ten miRNAs in male NSCLC 



Table I. Patient characteristics. 



Demographic information 


Controls) 


Cases 


p-value 




(n=39 


(n=37) 




Age (mean ± SD) 


57±18 


70±10 


0.001 


Race (% white) 


84.6 


83.8 




Gender (% male) 


66 


52 




Smoking (pack-years) 


22±18 


31 ±22 


0.04 



Total number of subjects from whom buccal brushings were collected 
was 76. The average age of patients in this study with cancer was 
statistically higher than without cancer. 



Table II. Performance characteristics (% sensitivity) of buccal 
miRNAs for discriminating between control (no neoplasia) 
and cases (those harboring lung cancer): gender effect. 



MiRNA 


Both genders 


Males only 


Females only 


MiR-23a 


72 


72 




MiR-133a 






85 


MiR-133b 






76 


MiR-181c 


74 


88 




MiR-192 


87 


82 


88 


MiR-193a-3p 






74 


miR-194 


72 


72 




miR-208 


66 


74 




miR-337-5p 


78 


74 




miR-338-3p 


75 


75 




miR-502-5p 


98 


90 




miR-542-3p 


70 


74 




miR-628-5p 


66 


78 




miR-672 


97 







The sensitivity was calculated at 80% specificity for all the groups. 
All the miRNAs listed had an excellent predictive value (AUROC 
>0.8). There were 26 males and 13 females in the control group while 
the cases had 19 males and 18 females. The performance character- 
istics were compared between lung cancer and control subjects from 
'both genders', 'males only' and 'females only' groups respectively. 
The miRNA identified had a fold increase of >1 between the cancer 
and non-cancer groups. The blank areas denote miRNA with poor 
performance characteristics (<60%). 



patients (Fig. 2C) and 4 miRNAs in female NSCLC patients 
(Fig. 2D) were differentially expressed compared to gender- 
specific controls. Out of all these miRNA panels, miRNA-192 
was the only miRNA to be significantly altered in both males 
and females. Performance characteristics discriminating 
control from cases on the basis of gender is presented in 
Table II. Number of miRNAs demonstrated higher sensitivity 
(70-90%) between the gender groups when compared at a 
fixed specificity of 80% (Table II). All these gender-specific 
miRNAs had an excellent predictive ability to discriminate 
between control and cancer (AUROC >0.8). 
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Figure 2. Lung cancer prediction and gender specificity. (A) AUROC curve for one representative microRNA (miR-192) showing discrimination between 
smokers without cancer (COPD) with those having lung cancer. (B-D) Selected miRNAs from the buccal mucosa that showed excellent power to discriminate 
between control and cancer patients (average AUROC values >0.8). The data depict miRNA that showed >l-fold difference between NSCLC and control 
subjects (p<0.05). In both genders, out of 68 miRNAs differentially expressed, only 11 were identified to have AUROC of >0.8 with excellent power to 
discriminate between control and lung cancer patients (B). In terms of gender specificity a set of 10 miRNAs for males (C) and 4 miRNAs for females (D) 
were found to be significant (p<0.05). 



Discussion 

We demonstrate, for the first time, that miRNA expression 
is differentially expressed in the normal buccal epithelium 
of patients harboring lung cancer and thus has potential to 
serve as a surrogate biomarker of an extended field of lung 
carcinogenesis. The preliminary estimate of performance 
characteristics appear promising with a panel of 11 miRNAs 
having robust ability to discriminate between cases and 
controls (AUROC >0.8). However, it appears critical to 
segregate these biomarkers in terms of gender as the majority 
appears to be gender-specific. 

The field of injury concept is well recognized in lung 
cancer given that the entire aero-digestive tract is subjected to 
the deleterious effects of inhaled cigarette smoke (21). Indeed, 
this has clinically been used to evaluate higher risk of devel- 
oping second primaries in lung cancer patients (screening for 
head and neck and esophageal cancer) (22-24). Despite being 
histologically normal, bronchial mucosa from lung cancer 
patients have been reported to exhibit diffuse p53 mutations 
(25). Similarly, deregulation of PI3K pathway has also been 
reported in the bronchial airway epithelium of smokers as an 



early event in lung carcinogenesis (26). In a number of gene 
expression trials, microscopically normal bronchial epithe- 
lium from patients harboring lung cancer has been shown to 
possess altered transcriptome (27). Importantly, while some of 
these changes are reversible others are permanent, consonant 
with the long-term risk of lung cancer even after smoking 
cessation (28). From a diagnostic point of view, the study of 
Spira and colleagues was pivotal for having identified 80 gene 
biomarkers from the microscopically normal right mainstem 
bronchus that could discriminate between smokers with and 
without lung cancer with 80% sensitivity and 84% speci- 
ficity (29). Others have noted that a key 14 gene (anti-oxidant, 
DNA repair and transcription) signature in the normal airway 
epithelium had comparable biomarker performance character- 
istics (30). 

As discussed earlier, the oropharyngeal epithelium is 
susceptible to field of injury as a result of tobacco smoke. 
Several studies have demonstrated that buccal mucosal gene 
expression mirrors bronchial dysregulations (10) and therefore, 
may provide an easily accessible resource to evaluate field of 
injury. Lung and breast cancers have been reported to induce 
few selected malignancy associated nuclear features that may 



INTERNATIONAL JOURNAL OF ONCOLOGY 45: 1209-1215, 2014 



1213 



offer tools for cancer screening (11). Similarly, microsatellite 
analysis has revealed differences in the loss of heterozygosity 
(LOH) in exfoliated oral mucosal cells between smoking 
and non-smoking cancer patients (31). However, due to the 
presence of active salivary RNAses in the oral cavity, RNAs 
collected from the buccal mucosa are prone to a higher rate of 
degradation during collection thus causing a vexing problem 
for gene expression analyses (12). In fact, for these reasons 
nasal mucosa has been shown to perform better than buccal 
mucosa (32). Therefore, for buccal biomarkers to be more 
robust than the labile mRNA, recently, it has become apparent 
that small non-coding miRNAs are more robust and resistant 
to degradation (33). Numerous groups, including our own, 
have shown that miRNA dysregulation can be marker of 
field carcinogenesis in a variety of organs (colon, ovary, etc.) 
(34,35). The role of miRNAs in lung cancer is well established. 
For instance, a number of studies have previously reported 
dysregulation of miRNA in lung cancer (19) and their involve- 
ment in the prognosis and responsiveness to therapy (36). 
Furthermore, assessment of miRNAs in the blood have been 
reported to provide useful tools in lung cancer screening and 
diagnosis but it is still unclear if they can discriminate stage 1/ 
II NSCLC from more advanced cancer (37). 

To our knowledge, this is the first report demonstrating 
alterations in the expression of miRNA in the buccal mucosa 
collected from lung cancer patients. Importantly, some of 
the miRNAs identified in the buccal mucosa did appear to 
partially correlate with factors in the bronchial epithelium 
(38). However, in the buccal mucosa we observed a greater 
proportion of miRNAs to be upregulated than previously 
reported in miRNA profiles of serum (37) or bronchial tissues 
from lung cancer patients (39). There could be several reasons 
for these discrepancies including the variability and lack of 
reproducibility which is characteristic of the literature. The 
miRNA expression pattern may not remain the same during 
bronchial squamous carcinogenesis but evolve with time 
and with cancer staging (40). Furthermore, meta-analysis 
data comparing miRNA expression profiles in lung cancer 
tissues with those in normal tissues has revealed a number of 
inconsistencies from different studies (41). Several variations 
in miRNA have also been reported between tissue-based and 
plasma-based profiles with later being more tumor specific 
(42). Thus, it is important to note that as a result of expanded 
field of injury buccal mucosa may respond with a distinctive 
miRNA expression profile. 

From a clinical perspective, the diagnostic characteristics 
appear to be quite promising. While caution needs to be 
applied, given this is a preliminary report, it has the potential 
to provide a pre-screen to identify a higher-cancer prevalent 
groups that may further need to undergo more expensive 
LDCT This could be analogous to the two step paradigms 
established in other organs such as Pap smear - colposcopy for 
cervical cancer or fecal occult blood test (FOBT) -» colonos- 
copy for colorectal cancer. It is important to note that despite 
modest sensitivities with both Pap smear and FOBT, these 
tests have been demonstrated to have a significant impact on 
mortality from these cancers. 

With regards to gender, it is increasingly realized that lung 
cancer in men and women are somewhat distinct. In general, it 
takes less cigarette smoking for women to develop lung cancer 



than men (43). Furthermore, while the incidence of lung 
cancer is comparable between men and women (new cases in 
2014; 116,000 males and 108,210 females), the incidence is 
decreasing in men but increasing in women (1). Women also 
tend to have molecularly distinct lung cancers (higher preva- 
lence of epidermal growth factor receptor mutations) (44) and 
have a better prognosis (45). This concept has not been used 
in screening strategies. However, for another common gender 
neutral malignancy (colorectal) both blood based markers (e.g., 
c-reactive protein) (46) and markers of field carcinogenesis 
(e.g., microvascular) (47), we have previously demonstrated 
that biophotonic markers of field carcinogenesis had a gender- 
specific predilection. With regards to miRNA, in this study, 
we were able to identify 4 buccal specific miRNAs in female 
NSCLC patients that were differentially regulated compared 
to respective controls. The etiology for the differential effect 
is unclear but probably reflects the interaction between the 
exogenous stimuli (cigarette smoke) and the genetic makeup 
(response to insult). It is interesting to note that only ~10% of 
smokers will eventually develop lung cancer. Sex steroids have 
been shown to be somewhat protective but unlikely to play a 
role in these studies since most women were post-menopausal. 
One intriguing but highly speculative possibility is alterations 
in oral microbiota which is different in patients with systemic 
cancer (i.e., pancreatic) (48). Others have shown profound 
gender related alterations in microbiome that correspond 
to systemic disease (diabetes) with concomitant increase in 
testosterone (49). It bears emphasis that these are highly specu- 
lative but regardless of the etiology, it does not impugn the 
potential clinical relevance of buccal miRNAs as a biomarker 
for lung cancer. 

There are several limitations to this study that need to 
be acknowledged. The small dataset precludes meaningful 
subgroup analysis for histological subtype or stage. Our pilot 
studies failed to note any histological subgroup difference and 
this is consistent with our biophotonics approach suggesting 
that buccal approaches may not be affected by these factors 
(50). Secondly, the TLDA microarray platform chosen was 
extensive but certainly not exhaustive. In addition, more 
empirical data could be obtained with newer techniques such 
as RNA-seq (51). Thirdly, there could be potential confounding 
by other aero-digestive malignancies (e.g., head and neck 
cancer, and esophageal squamous carcinoma); however, the 
sheer volume of lung cancer cases may dwarf any other malig- 
nancy. Fourthly in any discovery biomarker study, the risk of 
over-fitting for diagnostic claims is significant and thus we are 
very circumspect until future studies with independent valida- 
tion sets are completed. 

In conclusion, our report shows for the first time that 
specific miRNAs from the buccal mucosa are altered 
in patients harboring lung cancer when compared with 
neoplasia-free smokers. Overall the number and magnitude 
of miRNAs altered was significant, emphasizing the potential 
clinical promise of this approach. Importantly, it is apparent 
that from a diagnostic perspective, generating separate 
signatures in males and females is mandatory for adequate 
discrimination. If confirmed in a larger dataset, this may 
herald the use of buccal miRNA biomarkers as a modality 
for risk stratification for determining which patients should 
undergo low dose CT. 



1214 



WALI et at ROLE OF microRNAs IN LUNG FIELD CARCINOGENESIS 



Acknowledgements 

We thank Dr Dhananjay Kunte for his excellent technical 
support and Ms. Beth Parker for her assistance in manu- 
script preparation. This study was supported by grants 
from R01CA156186, U01CA111257, R01CA155284 and 
R01CA165309. 

References 

1. Siegel R, Ma J, Zou Z and Jemal A: Cancer statistics, 2014. CA 
Cancer J Clin 64: 9-29, 2014. 

2. Siegel R, DeSantis C, Virgo K, Stein K, Mariotto A, Smith T, 
Cooper D, Gansler T, Lerro C, Fedewa S, Lin C, Leach C, 
Cannady RS, Cho H, Scoppa S, Hachey M, Kirch R, Jemal A and 
Ward E: Cancer treatment and survivorship statistics, 2012. CA 
Cancer J Clin 62: 220-241, 2012 

3. Alberg AJ, Ford JG and Samet JM: Epidemiology of lung 
cancer: ACCP evidence-based clinical practice guidelines (2nd 
edition). Chest 132: S29-S55, 2007. 

4. Bach PB, Silvestri GA, Hanger M and Jett JR: Screening for 
lung cancer: ACCP evidence-based clinical practice guidelines 
(2nd edition). Chest 132: S69-S77, 2007. 

5. Aberle DR, Adams AM, Berg CD, Black WC, Clapp JD, 
Fagerstrom RM, Gareen IF, Gatsonis C, Marcus PM and 
Sicks JD: Reduced lung-cancer mortality with low-dose 
computed tomographic screening. N Engl J Med 365: 
395-409,2011. 

6. Kovalchik SA, Tammemagi M, Berg CD, Caporaso NE, 
Riley TL, Korch M, Silvestri GA, Chaturvedi AK and 
Katki HA: Targeting of low-dose CT screening according to 
the risk of lung-cancer death. N Engl J Med 369: 245-254, 
2013. 

7. Moyer VA: Screening for lung cancer: U.S. Preventive Services 
Task Force recommendation statement. Ann Intern Med 160: 
330-338, 2014. 

8. Kopelovich L, Henson DE, Gazdar AF, Dunn B, Srivastava S, 
Kelloff GJ and Greenwald P: Surrogate anatomic/functional sites 
for evaluating cancer risk: an extension of the field effect. Clin 
Cancer Res 5: 3899-3905, 1999. 

9. Sridhar S, Schembri F, Zeskind J, Shah V, Gustafson AM, 
Steiling K, Liu G, Dumas YM, Zhang X, Brody JS, Lenburg ME 
and Spira A: Smoking-induced gene expression changes in the 
bronchial airway are reflected in nasal and buccal epithelium. 
BMC Genomics 9: 259, 2008. 

10. Sidransky D: The oral cavity as a molecular mirror of lung carci- 
nogenesis. Cancer Prev Res 1: 12-14,2008. 

11. Us-Krasovec M, Erzen J, Zganec M, Strojan-Flezar M, 
Lavrencak J, Garner D, Doudkine A and Palcic B: Malignancy 
associated changes in epithelial cells of buccal mucosa: a 
potential cancer detection test. Anal Quant Cytol Histol 27: 
254-262, 2005. 

12. Kupfer DM, White VL, Jenkins MC and Burian D: Examining 
smoking-induced differential gene expression changes in buccal 
mucosa. BMC Med Genomics 3: 24, 2010. 

13. Boyle JO, Gumus ZH, Kacker A, Choksi VL, Bocker JM, 
Zhou XK, Yantiss RK, Hughes DB, Du B, Judson BL, 
Subbaramaiah K and Dannenberg AJ: Effects of cigarette smoke 
on the human oral mucosal transcriptome. Cancer Prev Res 3: 
266-278, 2010. 

14. Garzon R, Calin GA and Croce CM: MicroRNAs in cancer. 
Annu Rev Med 60: 167-179, 2009. 

15. Bishop JA, Benjamin H, Cholakh H, Chajut A, Clark DP and 
Westra WH: Accurate classification of non-small cell lung 
carcinoma using a novel microRNA-based approach. Clin 
Cancer Res 16: 610-619, 2010. 

16. Patnaik SK, Kannisto E, Knudsen S and Yendamuri S: Evaluation 
of microRNA expression profiles that may predict recurrence 
of localized stage I non-small cell lung cancer after surgical 
resection. Cancer Res 70: 36-45, 2010. 

17. Raponi M, Dossey L, Jatkoe T, Wu X, Chen G, Fan H and 
Beer DG: MicroRNA classifiers for predicting prognosis of 
squamous cell lung cancer. Cancer Res 69: 5776-5783, 2009. 

18. Momi N, Kaur S, Rachagani S, Ganti AK and Batra SK: Smoking 
and microRNA dysregulation: a cancerous combination. Trends 
MolMed 20: 36-47,2013. 



19. Leidinger P, Keller A and Meese E: MicroRNAs - important 
molecules in lung cancer research. Front Genet 2: 104, 2012. 

20. North CM and Christiani DC: Women and lung cancer: what is 
new? Semin Thorac Cardiovasc Surg 25: 87-94, 2013. 

21. Steiling K, Ryan J, Brody JS and Spira A: The field of tissue 
injury in the lung and airway. Cancer Prev Res 1: 396-403, 2008. 

22. Benner SE, Lippman SM and Hong WK: Current status of 
retinoid chemoprevention of lung cancer. Oncology 9: 205-216, 
1995. 

23. Braakhuis BJ, Brakenhoff RH and Leemans CR: Second field 
tumors: a new opportunity for cancer prevention? Oncologist 10: 
493-500, 2005. 

24. Wiencke JK and Kelsey KT: Teen smoking, field cancerization, 
and a 'critical period' hypothesis for lung cancer susceptibility. 
Environ Health Perspect 110: 555-558, 2002. 

25. Franklin WA, Gazdar AF, Haney J, Wistuba, II, La Rosa FG, 
Kennedy T, Ritchey DM and Miller YE: Widely dispersed p53 
mutation in respiratory epithelium. A novel mechanism for field 
carcinogenesis. J Clin Invest 100: 2133-2137, 1997. 

26. Gustafson AM, Soldi R, Anderlind C, Scholand MB, Qian J, 
Zhang X, Cooper K, Walker D, McWilliams A, Liu G, Szabo E, 
Brody J, Massion PP, Lenburg ME, Lam S, Bild AH and Spira A: 
Airway PI3K pathway activation is an early and reversible event 
in lung cancer development. Sci Transl Med 2: 26ra25, 2010. 

27. Spira A, Beane J, Shah V, Liu G, Schembri F, Yang X, Palma J 
and Brody JS: Effects of cigarette smoke on the human airway 
epithelial cell transcriptome. Proc Natl Acad Sci USA 101: 
10143-10148,2004. 

28. Beane J, Sebastiani P, Liu G, Brody JS, Lenburg ME and Spira A: 
Reversible and permanent effects of tobacco smoke exposure on 
airway epithelial gene expression. Genome Biol 8: R201, 2007. 

29. Spira A, Beane JE, Shah V, Steiling K, Liu G, Schembri F, 
Oilman S, Dumas YM, Calner P, Sebastiani P, Sridhar S, 
Beamis J, Lamb C, Anderson T, Gerry N, Keane J, Lenburg ME 
and Brody JS: Airway epithelial gene expression in the diag- 
nostic evaluation of smokers with suspect lung cancer. Nat Med 
13:361-366,2007. 

30. Blomquist T, Crawford EL, Mullins D, Yoon Y, Hernandez DA, 
Khuder S, Ruppel PL, Peters E, Oldfield DJ, Austermiller B, 
Anders JC and Willey JC: Pattern of antioxidant and DNA repair 
gene expression in normal airway epithelium associated with 
lung cancer diagnosis. Cancer Res 69: 8629-8635, 2009. 

31. Spafford MF, Koch WM, Reed AL, Califano JA, Xu LH, 
Eisenberger CF, Yip L, Leong PL, Wu L, Liu SX, Jeronimo C, 
Westra WH and Sidransky D: Detection of head and neck 
squamous cell carcinoma among exfoliated oral mucosal cells by 
microsatellite analysis. Clin Cancer Res 7: 607-612, 2001. 

32. Zhang X, Sebastiani P, Liu G, Schembri F, Dumas YM, 
Langer EM, Alekseyev Y, O'Connor GT, Brooks DR, 
Lenburg ME and Spira A: Similarities and differences between 
smoking-related gene expression in nasal and bronchial epithe- 
lium. Physiol Genomics 41: 1-8, 2010. 

33. Jung M, Schaefer A, Steiner I, Kempkensteffen C, Stephan C, 
Erbersdobler A and Jung K: Robust microRNA stability in 
degraded RNA preparations from human tissue and cell samples. 
Clin Chem 56: 998-1006, 2010. 

34. Damania D, Roy HK, Kunte D, Hurteau JA, Subramanian H, 
Cherkezyan L, Krosnjar N, Shah M and Backman V: Insights 
into the field carcinogenesis of ovarian cancer based on the nano- 
cytology of endocervical and endometrial epithelial cells. Int J 
Cancer 133: 1143-1152,2013. 

35. Kunte DP, DelaCruz M, Wali RK, Menon A, Du H, Stypula Y, 
Patel A, Backman V and Roy HK: Dysregulation of microRNAs 
in colonic field carcinogenesis: implications for screening. PLoS 
One 7: e45591,2012. 

36. Markou A, Liang Y and Lianidou E: Prognostic, therapeutic and 
diagnostic potential of microRNAs in non-small cell lung cancer. 
Clin Chem Lab Med 49: 1591-1603,2011. 

37. Chen X, Hu Z, Wang W, Ba Y, Ma L, Zhang C, Wang C, Ren Z, 
Zhao Y, Wu S, Zhuang R, Zhang Y, Hu H, Liu C, Xu L, Wang J, 
Shen H, Zhang J, Zen K and Zhang CY: Identification of ten 
serum microRNAs from a genome-wide serum microRNA 
expression profile as novel noninvasive biomarkers for 
nonsmall cell lung cancer diagnosis. Int J Cancer 130: 1620- 
1628, 2012. 

38. Brothers JF, Hijazi K, Mascaux C, El-Zein RA, Spitz MR and 
Spira A: Bridging the clinical gaps: genetic, epigenetic and tran- 
scriptomic biomarkers for the early detection of lung cancer in 
the post-National Lung Screening Trial era. BMC Med 11: 168, 
2013. 



INTERNATIONAL JOURNAL OF ONCOLOGY 45: 1209-1215, 2014 



1215 



39. Schembri F, Sridhar S, Perdomo C, Gustafson AM, Zhang X, 
Ergun A, Lu J, Liu G, Bowers J, Vaziri C, Ott K, Sensinger K, 
Collins JJ, Brody JS, Getts R, Lenburg ME and Spira A: 
MicroRNAs as modulators of smoking-induced gene expression 
changes in human airway epithelium. Proc Natl Acad Sci USA 
106: 2319-2324, 2009. 

40. Mascaux C, Laes JF, Anthoine G, Haller A, Ninane V, Burny A 
and Sculier JP: Evolution of microRNA expression during human 
bronchial squamous carcinogenesis. Eur Respir J 33: 352-359, 
2009. 

41. Guan P, Yin Z, Li X, Wu W and Zhou B: Meta-analysis of human 
lung cancer microRNA expression profiling studies comparing 
cancer tissues with normal tissues. J Exp Clin Cancer Res 31: 54, 
2012. 

42. Liu CG, Calin GA, Meloon B, Gamliel N, Sevignani C, 
Ferracin M, Dumitru CD, Shimizu M, Zupo S, Dono M, Alder H, 
Bullrich F, Negrini M and Croce CM: An oligonucleotide 
microchip for genome-wide microRNA profiling in human and 
mouse tissues. Proc Natl Acad Sci USA 101: 9740-9744, 2004. 

43. Henschke CI, Yip R and Miettinen OS: Women's susceptibility to 
tobacco carcinogens and survival after diagnosis of lung cancer. 
JAMA 296: 180-184, 2006. 

44. Bell DW, Brannigan BW, Matsuo K, Finkelstein DM, Sordella R, 
Settleman J, Mitsudomi T and Haber DA: Increased prevalence 
of EGFR-mutant lung cancer in women and in East Asian popu- 
lations: analysis of estrogen-related polymorphisms. Clin Cancer 
Res 14: 4079-4084, 2008. 

45. Wisnivesky JP and Halm EA: Sex differences in lung cancer 
survival: do tumors behave differently in elderly women? J Clin 
Oncol 25: 1705-1712, 2007. 



46. Chiu HM, Lin JT, Chen TH, Lee YC, Chiu YH, Liang JT, 
Shun CT and Wu MS: Elevation of C-reactive protein level is 
associated with synchronous and advanced colorectal neoplasm 
in men. Am J Gastroenterol 103: 2317-2325, 2008. 

47. Tiwari AK, Crawford SE, Radosevich A, Wali RK, Stypula Y, 
Kunte DP, Mutyal N, Ruderman S, Gomes A, Cornwell ML, 
De La Cruz M, Brasky J, Gibson TP, Backman V and Roy HK: 
Neo-angiogenesis and the premalignant micro-circulatory 
augmentation of early colon carcinogenesis. Cancer Lett 306: 
205-213,2011. 

48. Farrell JJ, Zhang L, Zhou H, Chia D, Elashoff D, Akin D, 
Paster BJ, Joshipura K and Wong DT: Variations of oral micro- 
biota are associated with pancreatic diseases including pancreatic 
cancer. Gut 61: 582-588, 2012. 

49. Flak MB, Neves JF and Blumberg RS: Immunology. Welcome to 
the microgenderome. Science 339: 1044-1045, 2013. 

50. Roy HK, Subramanian H, Damania D, Hensing TA, Rom WN, 
Pass HI, Ray D, Rogers JD, Bogojevic A, Shah M, Kuzniar T, 
Pradhan P and Backman V: Optical detection of buccal epithe- 
lial nanoarchitectural alterations in patients harboring lung 
cancer: implications for screening. Cancer Res 70: 7748-7754, 
2010. 

51. Beane J, Vick J, Schembri F, Anderlind C, Gower A, Campbell J, 
Luo L, Zhang XH, Xiao J, Alekseyev YO, Wang S, Levy S, 
Massion PP, Lenburg M and Spira A: Characterizing the impact 
of smoking and lung cancer on the airway transcriptome using 
RNA-Seq. Cancer Prev Res 4: 803-817, 2011. 



